Tension-Leg Platforms (TLPs) are commonly preferred offshore structures for the deepwater oil exploration. Their reduced response to the encountered waves is achieved by their compliancy. This innovative structural design dampens the vertical motion (heave) of the platform but the large horizontal movements (surge, sway and yaw motion) cause inconvenience to the people on board, though the platform remains stable for the operational sea state. Coastal and offshore structures are constructed with the protective perforated layers mainly to reduce the direct impact caused by the waves. Present study highlights the detailed experimental investigations carried out on the scaled model of the TLP with the perforated members under regular waves. Based on the experimental investigations, it is seen that there is a significant reduction in the dynamic response of the TLP with the perforated columns. Encompassing column members with the perforated outer cover is seen as one of the effective method of retrofitting offshore structures to improve their serviceability.
INTRODUCTION
As commonly used in the protection of the coastal structures, perforated structural forms are found to be more economical (Srinivasan Chandrasekaran and Abhishek Sharma, 2010) . This is seen as one the practical methods of retrofitting coastal and offshore structures as it reduces the effect of wave forces on structural members. Wang and Ren (1994) analytically investigated the wave kinematics around a protected impermeable pile with the porous outer cylinder. For the smaller annular spacing, it is seen that the long period waves excite larger forces on the inner cylinder in comparison to that of the short period waves. Williams and Li (1998) showed that there is a significant reduction in the wave field, which causes reduction in the hydrodynamic forces experienced by the inner cylinder circumscribed by the semi-porous outer cylinder. Studies show that the perforation ratio results in the significant reduction of the hydrodynamic loads experienced by the cylinders and the associated wave run-up (Williams and Li, 2000a; 2000b) . Studies conducted on the perforated caissons showed a force reduction up to a maximum of about 60% with an increase of perforation ratio up to 17%. Force reduction is effective due to the presence of perforated barriers encompassing the vertical cylindrical members Neelamani and Muni, 2002) . The concept was further extended by Ker and Lee(2002) to study the coupling problems associated with the wave-structure interaction of the linear waves and a porous TLP, analytically. They found that the drag force in the porous body changes the response behaviour of TLP significantly (Zhong and Wang , 2006) . Vijayalakshmi et al. (2007) measured the wave forces and the run-up on the twin concentric perforated cylinders through laboratory studies. Results are compared with that of the boundary integral method and found to be in good agreement. Sankarbabu et al. (2007) investigated the wave-structure interaction on the group of dual porous cylinders and showed that the forces on the inner cylinders are reduced by the presence of an outer porous cylinder. Song and Tao (2007) studied the 3D short-crested wave interaction on a concentric porous cylinder and recommended the porous-effect parameter lesser than 2 for an effective reduction in the response. Vijayalakshmi et al. (2008) reported a significant reduction in the hydrodynamic forces of the twin perforated cylinders with 10 to 15% perforation ratio. Further studies carried out on the wave attenuating mechanisms in the porous structures showed significant energy loss due to the partial breaking, viscous damping, jet mixing, disruptions of orbital motions and out-ofphase relationships between the water surface inside and outside the perforated structures (Neelamani et al., 2000) . Existence of exterior porous cylinder reduces the hydrodynamic forces on inner cylinder caused by the direct wave impact; recent studies show that for the reduced annular spacing, long period waves impose larger forces on the inner cylinders than that of the short period waves. (Srinivasan Chandrasekaran and Abhishek Sharma, 2010). Experimental investigations reported in the literature showed that there is no significant reduction in the hydrodynamic response of perforated members whose perforation ratio is more than 15% (Vijayalakshmi et al., 2008) . From the critical review of the literature as discussed above, it is seen that the experimental investigations on the hydrodynamic response of TLPs with perforated members are scarce. No significant attempt is made to study the retrofitting aspect of TLP columns using the perforated cylinders though such practices are common in the coastal structures. Present study is focused on the experimental investigations on the hydrodynamic response of TLP with the perforated columns. Effects of the wave height and the wave period on the response are proposed to be examined for different wave approach angles. Experimental investigations are carried out on the scaled model of a TLP (1:150) with and without perforated outer cylinders. Preliminary studies are carried out on the cylinders with perforated outer cover to quantify the force reduction. Subsequently, TLP with perforated members are examined with the point of view of stressrelief mechanism on the members, which is one of the effective methods of retrofitting offshore structures.
EXPERIMENTAL STUDIES ON PERFORATED CYLINDERS
Preliminary experimental investigations are carried out to study the hydrodynamic response of perforated cylinders in regular waves. Experimental setup for the study is shown in Fig 1. Details of the inner and outer cylinders used for the study are given in Table 1 . Variations of the forces, with and without perforated cover are measured. Scaled models with three nomenclature (A,B,C) comprising of outer cylinder of 315mm diameter and inner impermeable cylinder of 110mm in diameter are fabricated with a uniform annular space to examine the influence of the perforation ratio and diameter of the perforations. Diameter and length of the perforations are varied to achieve different perforation ratios. Steel frames are used to fix both the inner and outer cylinders in the test flume; model is suspended with a clear gap of about 50mm above the sea floor to simulate the similar behavior of that of the column member of a TLP that of held down by tethers. Strain gauges are placed along the inner cylinder to determine the forces. Regular waves of height ranging from 5 to 25 cm for time periods of 1 to2 s are generated for the tests. Fig. 2 shows the inner and outer cylinders with different perforations; details of strain gauges affixed on the inner cylinder are also shown in the Figure. Maximum values of the hydrodynamic forces on the inner cylinder are measured for different perforation ratios of the outer cylinder. A typical value for 25 cm wave height is given in Table 2 . Wave periods for the tests are chosen appropriately so that the model remains in the Morison regime. 
Based on the preliminary investigations carried out on the cylinders with an outer cover, it is seen that the force reduction decreases with the increase in the perforation ratio. This is because the inner cylinder is exposed to more hydrodynamic loads due to the increased perforation ratio. It is also seen that the force on the inner cylinder decreases significantly for the short-period waves in comparison to that of the long-period waves. Figs. 3 to 4 show the force variations in the inner cylinder, encompassed with outer cylinders with different porosities; plots are drawn for different wave heights of 5 and 25 cm, respectively. It is seen from the Figures that the force variation in the inner cylinder is not proportional to the wave steepness. Reduction in the wave force is not proportional to the increase in the wave period and the wave height. Force reduction, corresponding to the proto type cylinders of different porosities are shown in Table 3 . Based on the preliminary set of experiments conducted on the perforated cylinders, it is seen that the hydrodynamic forces on the inner cylinder decreases with the decrease in perforation ratio. Further, reduction in forces is significant for short-period waves in comparison to the long-period waves. Variation is neither proportional to the increase in the wave height nor wave period. Size of perforations and perforation ratio influences the hydrodynamic forces on cylindrical members with the perforated cover, significantly. It is seen that the maximum force reduction is about 76% and the minimum is about 17%, which are quite significant. Preliminary experimental investigations quantified the force reduction in the inner cylinders encompassed by perforated outer cover. Subsequent investigations are made to study their influence on the members of TLP, which is reported in the subsequent section.
EXPERIMENTAL INVESTIGATIONS ON TLPS WITH PERFORATED MEMBERS
TLPs are hybrid structures whose heave motion is highly damped posing operational advantages. But large surge, sway and yaw motions cause inconvenience to people on board though the platform remains stable for operational sea state. In order to reduce the wave impact on pontoons and cylindrical members of TLPs, perforated cylinders are used as outer cover to the members at highly stressed regions. It is one of the practical techniques to retrofit offshore coastal and offshore structures. Experimental investigations are carried out on a 1:150 scale model of a prototype TLP with perforated outer columns. Hydrodynamic response in the various active degrees-of-freedom and the tether tension variations are studied under the regular waves of different wave periods and wave heights. Details of the model considered for the study are given in Table 4 . Fig. 5 shows the front view of the TLP, with and without perforated outer cover. Outer perforated column of diameter 150 mm and height 180 mm Table 4 Details of TLP Model is encompassed by the perforated cover at its middle-third height. Perforations of 5 mm diameter, spaced at 12 mm center to center result in a perforation ratio of 13.5%, which is reasonably closer to the ratio that was found effective in case of cylinders. Outer column is connected to the inner through and annular ring of 10 mm thick to maintain the required annular space. A reasonable comparison is feasible through the attempted study as the geometric characteristics like mass and the center of gravity remain nearly the same, irrespective of the presence of perforated cover. Operator (RAO) is engineering statistic used to determine the behaviour of a structure under different sea states. It is the ratio of the amplitude of response, in any desired degree-of-freedom to the wave amplitude. The data acquired from the load cells, inclinometers, accelerometers and wave probe are post-processed to obtain surge RAO and pitch RAO. Fig. 7 shows the heave acceleration of the free vibration tests of the model with perforated cover (PC) whose results are also given in Table 5 . The model is subjected to waves in the head sea direction whose periods are varied in the range of 0.8-2.4 s; wave heights are varied in the range of 5-9 cm. Figs. 8-9 show the response of the TLP model, in surge and heave degrees-of-freedom respectively. Fig. 10 shows the tether tension variations for both the head and oblique waves. It is seen from the figures that the response of the platform with the perforated members is reduced significantly. Further, there is a reduction in the tether tension variations as well.
Response reduction of the platform with perforated members is attributed to the increased viscous damping and the effects of the added mass due to the presence of perforated outer member. Table 6 shows the average reduction in the surge response for different wave periods. It is seen from the Table that the maximum response reduction is about 24% due to the presence of outer perforated cover. Reduction in response in on the of the complaint degrees-of-freedom (surge) is advantageous as this can improve the operability of the platform during rough sea. Table 7 shows a significant reduction in surge RAO; reduction is in the range of 7.61 to 16.93% for 30°oblique wave and 18.46 to 20.37% for 45°oblique wave respectively. It is also observed that reduction is more for long-period waves in comparison to that of the short-period waves for 30°oblique waves. Table 5 Free vibration response of TLP model significant reduction in the heave RAO; reduction is in the range of 6.34 to 14.66% for 30°oblique waves and 5.72 to 13.79% for 45°oblique waves. Significant reduction in the tether tension variations, as seen in Table 9 is a clear manifestation of the perforated column member of the platform; reduction in tether tension, which is in the range of 0.84 to 33.03% for 30°and 8.19 to 13.54% for 45°oblique waves improves the safety of the platform against pullout.
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4.CONCLUSIONS
Hydrodynamic response of TLP with perforated members is investigated for regular and oblique waves. Based on the experimental investigations carried out, it is seen that there is a significant reduction in the responses in surge, heave and pitch degrees-of-freedom due to the presence of outer perforated column. Higher reduction is seen for the long-period waves. Response reduction is attributed to the increased viscous damping and added mass effects due to the presence of perforated members. Significant reduction in tether tension variations of TLP with perforated members improves safety against pullout. Response reduction is more in case of 30°waves in comparison to that of 45°waves; this may be due to the fact that 45°waves initiate a symmetric response from the members encountering the waves. Presented study highlights the advantages of deploying perforated column members for TLP as outer cover on the impermeable inner cylinders; this has direct application of force reduction on the inner cylinders. Attempted research has direct application in retrofitting of offshore structures though the application is not desired for new design.
